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ABSTRACT
A proof-of-principle CR-39 based neutron-recoil-spectrometer was built and fielded on the Z facility. Data from this experiment match
indium activation yields within a factor of 2 using simplified instrument response function models. The data also demonstrate the need for
neutron shielding in order to infer liner areal densities. A new shielded design has been developed. The spectrometer is expected to achieve
signal-to-background greater than 2 for the down-scattered neutron signal and greater than 30 for the primary signal.
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I. INTRODUCTION

Deuterium gas (D2) filled Inertial Confinement Fusion (ICF)
implosions are routinely executed at the National Ignition Facility
(NIF),1 the OMEGA laser,2 and the Z facility.3 In these experiments,
fusion neutrons are generated via the following reaction:

D + D→ 3He(0.82 MeV) + n(2.45 MeV). (1)

The spectra of these neutrons carry information on several
metrics that relate to fusion performance. The total number (or
yield YDDn) of neutrons is a fully integrated measurement of per-
formance and the most common metric quoted when judging the
success of an experiment. Additionally, the temperature of the burn-
ing plasma (TDDn) can be inferred from the Doppler-broadened DD
neutron spectra.4 Finally, the areal density (ρR) of an implosion can
be inferred by measuring the fraction of neutrons that have scattered
down in energy while escaping the plasma. In practice, the number
is often directly quoted as a down-scatter ratio (dsr).5,6

YDDn, TDDn, and ρR all have thresholds that must be met
in order to achieve ignition.7 For this reason, the NIF, OMEGA,
and the Z facility all use neutron time of flight (nToF) spec-
trometers to measure DD neutron spectra.8–11 For any of these

measurements to be accurate, neutron scattering from the environ-
ment or experimental setup must be well understood and accounted
for. In practice, extensive Monte Carlo models of the experimental
facility are used to predict the impact of scattering. In cases where
scattering is significant, any uncertainties in these models and/or
the experimental geometry can dominate the total uncertainties on
any inferred value. This is of particular importance at the Z facility
where neutrons scattering off the massive amount of hardware sur-
rounding the implosion greatly complicate the interpretation of the
nToF data.

For these reasons, it is valuable to have alternative diagnostics
for measuring DD neutron spectra. Complementary diagnostics not
only reduce the total uncertainty on the measurement but also pro-
vide means for validating the required Monte Carlo models. One
potential diagnostic is a CR-39 based recoil spectrometer. CR-39 is
a solid-state detector with moderate sensitivity to DD neutrons (of
the order 10−5 to 10−4) and a demonstrated robustness to intense
electromagnetic pulses (EMP) very common in ICF environments.12

It is also already routinely fielded for charged-particle and neutron
spectroscopy at the NIF and OMEGA.6,13–21

The structure of this paper is as follows. Section II explains
the basic concepts and design parameters governing the CR-39
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based recoil-spectrometer. Section III shows the first CR-39 based
DD neutron spectrum measurement on the Z facility using a basic
proof-of-principle design. Section IV discusses the full optimization
and theoretical performance of an improved shielded spectrometer.

II. BASIC CONCEPTUAL DESIGN
When a neutron elastically scatters off an ion, the resultant

recoil-ion will have an energy of

EA =
4A

(1 + A)2 En cos2 θ, (2)

where A is the atomic mass of the ion, En is the incident energy of the
neutron, and θ is the lab-frame angle between the incident neutron
and the outgoing recoil-ion. This means that, for some fixed angle,
there is a fixed relationship between the recoil-ion-energies and the
neutron-energies. Neutron recoil-spectrometers take advantage of
this mechanism by using a thin “conversion foil” for neutrons to
scatter in and a charged-particle spectrometer some distance away.
Illustrations of design concepts are shown in Fig. 1.

Using the most basic example in Fig. 1(a), there are three
main parameters that define the recoil-spectrometer: the distance
between the conversion foil and neutron-source (ℓs), the distance
between the conversion-foil and detector (ℓd), and the thickness of
the conversion-foil (tf ). As ℓs and ℓd are minimized, the total num-
ber of recoil-ions detected is increased. However, this also decreases
energy resolution, as a greater range of θ values will land on the
detector. Similarly, maximizing tf also increases the total number
of recoil ions but decreases energy resolution due to the ions losing
energy to Coulomb collisions within the foil itself. These effects were

FIG. 1. Illustrations of the two concepts for a DD-n spectrometer. In each case,
incoming neutrons pass through a conversion foil in which some of them have
elastic collisions with ions. Many of the recoil ions are knocked in the general direc-
tion of a CR-39 detector, where their spectrum can be measured and converted to
a spectrum of the incident neutrons. (a) The simplest design with the conversion
foil directly in line with the detector. This minimizes θ and, thus, maximizes EA.
Additionally, it requires the smallest possible footprint. (b) A design with an annular
conversion foil. This leaves space in-front of the detector free for things such as
shielding or structure components. Shielding requirements are discussed in more
detail in Sec. IV.

quantified using MCNP622 for the case of a CH2 foil and are shown
in Fig. 2. Examples of the simulated recoil-proton spectra are shown
in Fig. 3.

Figure 2(b) shows that energy resolution decreases with filter
thickness in a linear and predictable manner. By contrast, the detec-
tor distance has a threshold-like behavior being non-consequential
above distances of 15 cm. The detection efficiency is roughly linear
with foil thickness and quadratic with inverse detector distance, as
would be expected.

The exact values needed are application dependent. Z rou-
tinely produces DDn yields of the order 1012, meaning that the
entire parameter space plotted in Fig. 2 would be sufficient for

FIG. 2. Contours of the total number of protons per cm2 per 1012 DD neutrons (a)
and the signal full-width-half-maximum in keV (b) as a function of the detector dis-
tance (ℓd ) and the foil thickness (tf ). The simulations assumed a mono-energetic
2.5 MeV neutron source, a 5.0 cm diameter for the foil and detector, and a neutron-
source distance (ℓs) of 30.0 cm. The foil was made of 1.0 g/cm3 of CH2, and the
recoil-ions were protons.
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FIG. 3. MCNP6-simulated recoil-proton spectra from the dataset plotted in Fig. 2.
The red diamond (blue square) data are for the case ℓd = 50 (10) cm and tf = 20
(1) μm. Effectively, the two spectra demonstrate the broadening associated with
thick filters and small distances, respectively.

a measurement of YDDn. The full-width-half-maximum of a neu-
tron spectrum emitted from a 2 (4) keV deuterium plasma is 115
(165) keV, meaning that foil thicknesses of 10 μm or less must be
used for the temperature measurement. However, there is an intrin-
sic 330 keV full-width-half-maximum broadening associated with
current analysis techniques of CR-39 detectors that is not consid-
ered in Fig. 2.23 As a result, the temperature measurement would be
impossible with a CR-39-based spectrometer. This also means that
using foil thicknesses less than 25 μm does not benefit to a CR-39
based spectrometer.

Determining the dsr measurement quality requires more care
and is more explicitly modeled in Sec. IV. However, one can get
rough approximations by simply multiplying the desired dsr by the
values in Fig. 2(a). For example, for a dsr of 1%, one might expect
anywhere from 1 to 100 recoil-protons per cm2 per 1012 YDDn from
down-scattered neutrons.

III. PROOF-OF-PRINCIPLE DESIGN
To test the concept on the Z facility, a simple neutron recoil-

spectrometer with the design depicted in Fig. 1(a) was built and
subsequently fielded. A detailed model of the spectrometer is shown
in Fig. 4.

The spectrometer was fielded on shot z3135, with the front of
the housing sitting ∼30 cm away from the target chamber center
(TCC). Because the spectrometer was not shielded, the recoil-proton
signal to neutron background was of order 0.2. The coincidence
counting technique (CCT)24,25 was used to reject most of the neu-
tron background, increasing the ratio to 1.9. The resulting spectrum
is shown in Fig. 5.

The FWHM of the peak was 528 keV, which is well beyond
any width that would be caused by temperature broadening. This
is partly because the CR-39 was processed in such a way that the
FWHM of response would have been 425 ± 50 keV. When com-
bined in quadrature with the broadening from Fig. 2, this increases
slightly to 440 ± 50 keV. The remaining broadening is likely from

FIG. 4. SOLIDWORKS drawing of the neutron recoil-spectrometer fielded on the
Z facility for shot z3135. The spectrometer consists of a CH2 conversion foil (yel-
low) and CR-39 detector (teal) all contained with an aluminum tube (gray) housing
structure. The foil was 10 μm thick and positioned 25 cm away from the CR-
39 detector. These parameters were chosen in an attempt to measure the ion
temperature. This was done before the CR-39 broadening was well characterized.

FIG. 5. DDn spectrum from shot z3135, measured by using the proof-of-principle
neutron recoil-spectrometer shown in Fig. 4. The spectrum was determined from
the CR-39 detector after using the CCT to reduce the neutron background. The red
data points are the raw data, and the black dashed curve is a Gaussian fit to the
main peak. The yield under the Gaussian is between 1.7 × 1012 and 2.8 × 1012

depending on the modeling of the scattering environment. The yield as inferred
by indium activation was roughly 3.0 × 1012. The FWHM of the Gaussian fit was
528 keV.

neutron-scattering not properly captured in the instrument response
function (IRF).

As mentioned in Sec. I, the inferred yield is strongly depen-
dent on the modeling of the scattering environment. If only the
spectrometer is modeled, the inferred yield is 1.7 × 1012. If a scatter-
ing environment is included, the inferred yield is 2.8 × 1012, which
is in good agreement with the indium-activation inferred value of
3.0 ± 0.6 × 1012. This gives confidence to the understanding of this
spectrometer.

Despite some flaws in the measurement, the proof-of-
principle design demonstrated that a CR-39-based neutron-recoil-
spectrometer can be fielded on the Z facility. It also demonstrated
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the need for neutron shielding and the significance of external
neutron-scattering sources.

IV. SHIELDED ANNULAR FOIL DESIGN
Because inferring the plasma temperature from the DD neutron

spectrum is not feasible with current CR-39 analysis techniques, the
recoil-spectrometer design has been optimized for the dsr measure-
ment. To do this, the dsr signal to background [(S/B)dsr] needs to be
maximized. It is given by

( S
B
)
dsr
= ∫ Edsr

Emin
dE(ϕliner

p − ϕno-liner
p )

∫ Edsr
Emin

dEϕno-liner
p + ∫ ∞Emin

dEηnϕliner
n

, (3)

where ϕliner
p and ϕno-liner

p are the recoil-proton fluences at the detec-
tor for the case of a compressed liner and no liner, respectively, ϕliner

n
is the neutron fluence at the detector for the case of a compressed
liner, ηn is the CR-39 efficiency to neutrons, Emin is the minimum
energy for which CR-39 can detect protons, and Edsr is the maxi-
mum energy for which down-scattered recoil-protons dominate the
proton spectrum. It should be noted that this equation assumes that
ϕno-liner
p represents the component of ϕliner

p that has not interacted
with the liner, which is not strictly true.

The primary control we have on this equation is through the
ϕliner
n integral, which can be minimized by the addition of neutron

shielding. The design discussed in Sec. III cannot accommodate
shielding because the conversion foil is in-line with the detector.
Instead, the shielded recoil-spectrometer design will use an annular
conversion foil similar to the concept shown in Fig. 1(b). A detailed
schematic of the proposed design is shown in Fig. 6.

A. Internal shielding
The CR-39 detector is shielded from the direct line of sight

(LOS) neutrons using a polyethylene plug between the neutron
source and the detector. The plug is a truncated cone with a slope

FIG. 6. SOLIDWORKS drawing of the neutron-recoil-spectrometer proposed for
the Z facility. The CR-39 detector (teal) is shielded from direct line-of-sight neu-
trons by a polyethylene plug (red) directly in front. The conversion foil (yellow) is
annular and separated from the shielding plug by a thin sheet of aluminum. This
prevents recoil-protons created within the shield from reaching the CR-39 detec-
tor. The whole system is contained within an aluminum housing (gray), which is
itself surrounded by a layer of polyethylene (blue) to shield again external neu-
tron scatter sources. The outer surface of the aluminum housing is conical with
respect to the TCC so as to reduce the amount of neutron-scatter caused by the
spectrometer itself.

that, if extended, would intersect at the TCC. It is important that the
shield plug be separated from the detector to prevent inadvertently
measuring recoil-protons from the shield-plug. In theory, this only
requires 80 (30) μm of Al (Ta), but thicker materials would likely
be required for structural integrity. The exact length of the internal-
shielding plug was determined using MCNP6 to calculate (S/B)dsr
from Eq. (3). The results of this calculation for several plug lengths
are shown in Fig. 7.

Figure 7(a) shows that the neutron background is effectively
eliminated with a 20 cm polyethylene plug when the housing mate-
rial is not considered. However, Fig. 7(b) shows that neutrons that
scatter off the housing begin to dominate once the housing is mod-
eled. This scattering primarily comes from the mid plate that sepa-
rates the detector and shield plug due to its direct line of sight with
the neutron-source and its proximity to the detector. For this reason,
it is important that this thickness be minimized as much as possible.

FIG. 7. MCNP6 integrated down-scattered proton fluences in the case of a com-
pressed liner (blue squares), in the case of no liner (yellow circles), and neutron-
induced protons in the CR-39 (red diamonds) for various lengths of shield plugs.
(a) The cases where the housing was not modeled and (b) the cases where the
housing was modeled. Both (a) and (b) do not model the external shield nor any
additional sources of external scattering. In these calculations, the compressed
liners had an areal density of 1.3 g/cm2 and all other parameters were taken from
Table III. Both (a) and (b) show (S/B)d sr plotted as black dashed curves.
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(S/B)dsr reaches a value of ∼5 if the shield length is extended to 50 cm
using a mid-plate of 100 μm of aluminum.

B. External shielding
In addition to self-scatter in the spectrometer housing, there are

several sources of neutron scattering external to the system on the
Z facility. These external scattering sources allow neutrons to reach
the detector via paths that do not intersect the internal shield plug.
These neutrons can further increase the background if unmitigated.
In this study, three sources of external scattering are considered: a
titanium spacer that separates the magnetic coils, a steel blast-shield,
and the Magnetically Insulated Transmission Line (MITL) deck to
which the spectrometer is attached. These were all simplified and
modeled in MCNP6 as hollow cylinders with dimensions shown in
Table I. In the model, the blast shield has a rectangular line of sight
(LOS) hole in line with the detector. This modeling over-estimates
the effects of scattering since all of these components are much more
complicated with many additional holes created for diagnostics. A
much more accurate SOLIDWORKS model of these components is
shown in Fig. 8.

To test the effects of each individual component, they were
each modeled individually to determine their effects on (S/B)dsr . The
results of this are shown in Table II.

As shown in Table II, each individual component affects
(S/B)dsr substantially. The coil-spacer routinely has line-of-sight
(LOS) holes cut into them to accommodate diagnostics sensitive to
the effects of neutron scattering and/or x-ray attenuation. Such a
hole will be necessary for the neutron-recoil-spectrometer as well.
The effects of this were modeled in MCNP6 by cutting cone-shaped
holes of varying sizing through the coil-spacer. These cones were

TABLE I. Parameters used in MCNP6 to model the geometry depicted in Fig. 8. All
cylinders are centered about the TCC.

Coil spacer

Material Titanium
Inner diameter 4.62 cm
Outer diameter 13.26 cm
Height 3.38 in.

Blast shield

Material 304 stainless steel
Inner diameter 52.705 cm
Outer diameter 55.88 cm
Height 20.32 cm
LOS hole height 10.16 cm
LOS hole width 5.08 cm

MITL deck

Material Aluminum
Inner diameter 76.53 cm
Outer diameter 294.64 cm
Height 1.27 cm

FIG. 8. SOLIDWORKS model of an example line-of-sight that a neutron-recoil-
spectrometer might have at the Z facility. Of particular interest is the MITL deck
that the detector would sit on, the blast shield that the detector would against, and
the spacer that can potentially separate the spectrometer from the liner.

TABLE II. (S/B)d sr inferred from MCNP6 once external scattering sources are con-
sidered. Simulations were done without any external shielding and otherwise used
parameters listed in Tables I and III.

Case (S/B)dsr

No external sources 5.71
Spacer modeled 1.95
Blast shield modeled 0.32
MITL deck modeled 0.24

pointed at the detector and intersected at the TCC. The results of
this are shown in Fig. 9.

As shown in Fig. 9, a LOS hole in the coil-spacer of 1 cm
max-diameter or more increases (S/B)dsr by roughly 60%. This is
much smaller than the size of LOS holes that are currently cut into
the spacer for other diagnostics. A threshold-like behavior seems to
occur when the solid angle of the hole matches the solid angle of
the conversion-foil. This means that neutron-attenuation reducing
the total signal is the dominant effect. It should be noted that the
(S/B)dsr saturates at 3, which is still significantly lower than the value
achieved with no external sources. This is due to neutron scattering
from the entire spacer and can only be reduced linearly by reducing
the spacer material. It is noted again that in reality, several LOS holes
are cut into the spacer, meaning that this estimate is a lower bound
on (S/B)dsr .

The other way to mitigate the effects of external scatterings is
using an external shield, as the one shown in Fig. 6. The neutron-
spectrometer will use a polyethylene layer that surrounds the
aluminum housing for this purpose. To determine the required
thickness, MCNP6 simulations were done for many different thick-
nesses. For this study, all external scattering sources listed in Table I
were included using appropriate LOS holes. The results of these
simulations are shown in Fig. 10.

Rev. Sci. Instrum. 91, 073501 (2020); doi: 10.1063/5.0011499 91, 073501-5

Published under license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

FIG. 9. MCNP6 integrated down-scattered proton fluences in the case of a com-
pressed liner (blue squares), in the case of no liner (yellow circles), and neutron-
induced protons in the CR-39 (red diamonds) for varying sizes of LOS holes in the
coil-spacer. The resultant (S/B)d sr from Eq. (3) is also shown as a black dashed
curve. The compressed liners were compressed to 1.3 g/cm2, and all other param-
eters were taken from Table III. The spacer was the only external scattering source
considered in these simulations.

As shown in Fig. 10, the neutron background drops roughly
exponentially with the amount of shielding added, as one would
expect, while the added shielding has little impact on the measured
signal. A (S/B)dsr greater than 1 can be achieved with at least 3 cm of
external shielding.

C. Final conceptual design
After incorporating the shielding requirements, the final con-

ceptual design of the neutron-recoil-spectrometer is described in
Table III. Additionally, the final predicted performance metrics are

FIG. 10. MCNP6 integrated down-scattered proton fluences in the case of a com-
pressed liner (blue squares), in the case of no liner (yellow circles), and neutron-
induced protons in the CR-39 (red diamonds) for varying thicknesses of external
shielding. The resultant (S/B)d sr from Eq. (3) is also shown as a black dashed
curve. The compressed liners were compressed to 1.3 g/cm2, and all other param-
eters were taken from Table III. All sources of external scattering in Table I were
considered in these simulations.

TABLE III. Design parameters of the final conceptual design of the neutron-recoil-
spectrometer. The slopes of the internal shield and the external surface of the housing
are such that they would intersect with the TCC if extended. The slopes of the internal
surface of the housing and the external shielding match those of the external surface
of the housing.

Internal shield

Material Polyethylene
Max diameter 5.0 cm
Length 50.0 cm

Conversion foil

Material Polyethylene
Diameter 9.0 cm
Thickness 20.0 μm

Detector

Material CR-39
Diameter 5.0 cm
Thickness 1500 μm

Housing

Material Aluminum
Front plate distance from the TCC 35.0 cm
Edge distance from the foil 1.0 cm
Back plate distance from the detector 10.0 cm
Front plate thickness 0.5 in.
Mid plate thickness 100 μm
Back plate thickness 0.5 in.
External thickness 0.5 in.

External shield

Material Polyethylene
Thickness 6.0 cm

listed in Table IV, and example simulated spectra from this design
are shown in Fig. 11.

D. Design tolerances and sensitivities
To understand the accuracy of the neutron-recoil-spectrometer,

it is important to characterize how sensitive the various signals are to

TABLE IV. Performance metrics for the next neutron-recoil-spectrometer. Simulations
were done using parameters listed in Tables I and III.

Parameter Value

Recoil-protons 3200 per 1012 DD-n
Down-scattered recoil-protons 280 per 1012 DD-n(1.3 g/cm2 liner)
Down-scattered recoil-protons 25 per 1012 DD-n(no liner)
Neutron induced protons in CR-39 85 per 1012 DD-n
(S/B)dsr 2.33
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FIG. 11. MCNP6 generated recoil-proton spectra on the detector of the next
neutron-recoil-spectrometer designed for the Z facility. All parameters are taken
from Table I using appropriate LOS holes and Table III. The blue data show the
spectra in the case of a Be liner compressed to 1.3 g/cm2, and the yellow show
the case where no liner is modeled.

the changes in the design parameters. The spectrometer is ultimately
designed to measure both YDDn and dsr. Here, we note that

YDDn ∝ [P1 + N]meas − [N]model, (4)

dsr ∝
[P2 + PBG + N]meas − [PBG + N]model

[P1 + N]meas − [N]model
, (5)

where our notation is defined by

P1 ≡ ∫
∞

Edsr
dEϕliner

p , (6)

P2 ≡ ∫
Edsr

Emin

dEϕliner
p , (7)

PBG ≡ ∫
Edsr

Emin

dEϕno-liner
p , (8)

N ≡ ∫
∞

0
dEηnϕliner

n . (9)

Note that Eqs. (4) and (5) explicitly separate quantities that are
actually measured from the background components that have to
be modeled. This is important because unknown changes in design
parameters are not captured in the modeled background subtrac-
tions. This treatment ensures that any changes in the background
are properly reflected in any inferred sensitivities.

In this work, we define our sensitivities as the slope of the rel-
ative difference in YDDn or the dsr caused by a change in a design
parameter. Each parameter change is linearly fit over a specified
range of values. Table V shows the results of this exercise to 8 design
parameters.

Table V shows that the dsr measurement is particularly sen-
sitive to the various alignments within the spectrometer. This is
because if the detector clips the neutron “get lost cone,” the neutron

TABLE V. Design sensitivities for the next neutron-recoil-spectrometer. Sensitivities
come from linear fits to several simulations within the specified range.

YDDn dsr Range
Parameter (per cm) (per cm) (cm)

Mid-plate thickness −1.5% −3.2% [0.0, 1.0]
Front-plate distance to the TCC −4.3% 3.1% [0.0, 5.0]
Spectrometer alignment −37.4% 28.3% [0.0, 2.0]
Shield length −4.7% −2.4% [45.0, 55.0]
Shield max diameter −30.2% −34.6% [5.0, 7.0]
Shield alignment −30.3% 81.6% [0.1, 0.4]
Foil diameter 34.4% 24.6% [8.5, 9.5]
Detector alignment 38.0% 246% [0.0, 2.0]

background can increase by orders of magnitude. However, such a
misalignment would likely be obvious in the data due to the spa-
tial resolution of CR-39 and likely could be mitigated within the
analysis.

V. CONCLUSIONS
In this work, we have laid out the basic theory and requirements

for a practical neutron recoil-spectrometer. This concept is of partic-
ular interest to the Z facility, where the interpretation of traditional
nToF measurements is challenged by a difficult neutron-scattering
environment and long burn durations.

To this end, a proof-of-concept design was built and fielded
on the Z facility. This was the first neutron-recoil-spectrometer ever
fielded on Z, and the spectrometer was successfully used to measure
a DDn spectrum. The yield inferred from these data was within a
factor of 2 of the indium-activation measurements using simplified
interpretations of the IRF. This measurement also demonstrated the
necessity of neutron shielding in order to measure the dsr.

Finally, this work resulted in the design of a new shielded
neutron-recoil-spectrometer capable of measuring the dsr with
(S/B)dsr > 2. The new design is also capable of measuring the full
spectrum with (S/B) > 30 over the primary DDn peak.
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